1. Introduction {#sec1}
===============

The so-called bad industrial development has generated large disasters in ecosystems in recent decades, to the point that it has endangered lakes and rivers and indeed the life that exists in them. Additionally, the soils have become contaminated due to the poor disposal and/or treatment of the waste produced in the companies. Among these wastes sent to the environment (especially to aqueous systems) are the heavy metal ions. It is well documented in the scientific literature that the ingestion of metal ions causes serious problems to living beings. Among the metal ions that are highly toxic to life and ecosystems are chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), manganese (Mn), cadmium (Cd), nickel (Ni), zinc (Zn) and iron (Fe), etc. This fact has led to research centers to raise research that generates new knowledge and produce solutions to this problem, due to the proven impact that this fact has on the health of the population, especially the less favored, who tend to feed on fish and agricultural products without any quality control. These foods and particularly marine animals are usually contaminated by absorption of various metals taken from wastewater as well as agricultural products, directly affecting the food chain where humans are involved, generating (as mentioned before) a high risk to the health of consumers. This wastewater comes from various industries, including metallurgy, tannery, chemistry, mining, etc. Which within their processes use one or more of these heavy metals whose toxicity is high. These industries tend to throw into the environment some of these metals exceeding the levels allowed by the control entities of each country to the lakes, rivers and their effluents. Therefore, it becomes necessary to remove these heavy metals from wastewater by appropriate treatment before releasing them into the environment and/or failing to pose a solution is when they are already in the ecosystems. One of these ions, which is worth mentioning because this research is the object, is the Ni(II) ion, which is classified as a micronutrient for plants, animals and humans. However, it is toxic in high concentrations. For example, exposure to nickel ion can cause skin allergies, pulmonary fibrosis, cancer of the respiratory tract \[[@bib1], [@bib2], [@bib3]\], bone problems, dermatitis in the skin (itching of Ni) which is the most frequent effect of exposure to Ni, such as coins and jewelry.

Additionally, acute Ni(II) poisoning causes headache, dizziness, nausea and vomiting, chest pain, tightness in the chest, dry cough and shortness of breath, rapid breathing, cyanosis and extreme weakness \[[@bib3], [@bib4]\]. Additionally, heavy metal ions do not degrade, remain in the environment and tend to accumulate in living organisms. Considering its toxicity, the treatment of sewage contaminated with these metals continues to be a priority concern \[[@bib3], [@bib4]\]. Due to this, the development of materials for water purification at a domestic and industrial level is still current and important. Some of the most commonly used methodologies in the treatment of wastewater include coagulation, flocculation, precipitation, sedimentation or filtration, membrane processes, ion exchange and adsorption using activated carbon (AC) \[[@bib4], [@bib5], [@bib6], [@bib7], [@bib8]\]. However, the cost of these methods hinders their application as reported in the literature \[[@bib9], [@bib10]\]. In addition, at low concentration (1--100 mg/L) many of these treatments are quite inefficient in terms of cost [@bib11]. Activated carbons have been used with very good effect in the treatment of aqueous solutions that contain a low concentration of metal ions \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16]\]. Due to its large number of micropores and mesopores, its large surface [@bib17], the variety of surface functional groups that interact with heavy metal ions and even the possibility of increasing adsorption capacity by modifying with other functional groups or with the use of additives \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19]\], these adsorbents are interesting candidates for wastewater treatment. Agro-waste has also received much attention as an economic source for the production of activated carbons. With these latter materials their cost-effectiveness makes them attractive particularly for small-scale industries \[[@bib18], [@bib19], [@bib20], [@bib21], [@bib22]\]. Another type of interesting materials are the carbon aerogels have been materials that have emerged for a few decades and have been applied primarily in the storage of gases. However, due to the control that can be exercised during the synthesis, they can become a material that can be explored to retain contaminants from the aqueous phase. There are not many reports in the scientific literature about the use of this type of materials in the retention of ions from aqueous solution. According to the above the scope of this research is to prepare carbon resorcinol/formaldehyde aerogels (R/F) in basic medium at different resorcinol/catalyst (R/C) ratios to explore the feasibility of using these materials for ion removal Ni(II) from aqueous solutions carrying out a study of the effect of pH, applying thermodynamic models to analyze which is adjusted and a detailed kinetic study. Calorimetric studies were carried out to evaluate the concordance of the results obtained.

2. Materials and methods {#sec2}
========================

2.1. Adsorbents {#sec2.1}
---------------

### 2.1.1. Preparation of carbon aerogels {#sec2.1.1}

The gels are prepared by the procedure already described in the literature [@bib20]. Once obtained, drying to supercritical conditions is used to synthesize aerogels. Finally, the aerogels are subjected to a carbonization process in an inert atmosphere to obtain carbon aerogels. Resorcinol-formaldehyde gels, were prepared using resorcinol (R) (98% purity), formaldehyde (F) (37% solution), Na~2~CO~3~ (99.9% purity), all of Aldrich ™ brand, and deionized water. Resorcinol (0.1120 mol) was dissolved in deionized water (W) at a constant established ratio (R/W (0.075)). Next, the catalyst Na~2~CO~3~ (C) was added in different proportions (R/C): 25, 50, 100, 200, 400, 600, 800 and 1500, which acts as a catalyst of the reaction (basic catalyst) for accelerating the dehydrogenation of resorcinol. The solutions of resorcinol (R/F = 0.5) and formaldehyde are mixed and stirred vigorously. The solutions are then placed in cylindrical glass molds with a lid (7 cm long x 1 cm internal diameter), and then subjected to a temperature program to achieve gelation and curing: 1 day at 25 °C, 2 days at 50 °C and 3 days at 70 °C. The solvent is then removed in the gels obtained using supercritical fluid equipment with CO~2~ at 41 °C and 120 bar pressure. Once dried, the aerogels are charred in a tubular furnace (brand Carbolite™ CTZ/TZF) under a nitrogen atmosphere of 100 mL/min, at 2 °C/min up to 850 °C for 3 hours. The aerogels were prepared under the following conditions: molar ratio resorcinol/formaldehyde 0.5. Resorcinol/catalyst ratios, eight different ratios: 25, 50, 100. 200, 400, 600, 800 and 1500, to achieve a broad spectrum of concentration and thus determine the changes in the porous structure obtained and be able to study as the effect of the Catalyst acts on each of the porous materials and its effect on Ni(II) adsorption. The resorcinol/solvent molar ratio used is 0.5. They were labeled as: carbon aerogels. Ae25, Ae50, Ae100, Ae200, Ae400, Ae600, Ae800 and Ae1500 \[[@bib23], [@bib24]\].

2.2. Adsorbates {#sec2.2}
---------------

The solutions of the Ni(II) ions were prepared with Sigma Aldrich analytical grade reagents, using nickel with Ni (NO~3~)~2~.3H~2~O and using double distilled water. The range of concentrations that were used for the study is 50--500 mg.L^−1^. The reading of the curves of adsorption, calibration, and solutions of the isotherms was carried out in an atomic absorption spectrophotometer \"Perkin Elmer, ANALYST 300\".

2.3. Textural characterization. Adsorption isotherms N~2~ at 77 K {#sec2.3}
-----------------------------------------------------------------

The N~2~ has a molecular dimension of 0.36 nm in kinetic diameter, [@bib21]. In this way, an analysis of the N~2~ adsorption isotherms at -196 °C provides an important set of data that allows us to fully understand the textural characteristics of the solids under study. In order to analyze the porous texture of the carbon materials obtained in this work, N~2~ adsorption-desorption isotherms were made at -196 °C. The carbonaceous samples, of around 0.100 g, are previously degassed at 250 °C for a period of 3 h, in an IQ2 equipment, Quantachrome Co (Boynton Beach, FL, USA).

### 2.3.1. Functional groups {#sec2.3.1}

#### 2.3.1.1. Boehm qualifications {#sec2.3.1.1}

The acid groups present in carbon materials are usually of the carboxyl, hydroxyl, phenol and lactone type, while the basic groups are of the pyrone, quinone and chromene type. The basicity of carbon material may also be due to the delocalization of electrons from the basal plane \[[@bib22], [@bib25], [@bib26], [@bib27]\]. To determine the quantity and type of oxygenated functional groups located on the surface of the studied materials, samples of these were submerged in different solutions of concentration 0.1 M as follows: The most used bases are NaHCO~3~ (pKa = 6.37), Na~2~CO~3~ (pKa = 10.25), NaOH (pKa = 15.74), C~2~H~5~ONa (pKa = 20.58) [@bib3]. According to Boehm, the carboxylic groups are valued by NaHCO~3~, the difference between the acidity valued by NaHCO~3~ and Na~2~CO~3~ corresponds to the content of lactones, the phenolic groups are obtained by the difference between the registered acidity with NaOH and Na~2~CO~3~, and the Carbonyl groups are valued by sodium ethoxide. Finally, the hydrochloric acid gives an estimate of the total basicity of the material [@bib21]. Approximately 0.1 gram of the adsorbent is immersed in 25 mL of the solution; the solutions are left at 25 °C, left in constant agitation for 5 days; Occasionally N~2~ is bubbled over the solutions in order to remove the atmospheric CO~2~, finally aliquots of 10.0 mL of the previously standardized solutions with acid or base are titrated and the mili-equivalent gram by difference is determined.

#### 2.3.1.2. Zero load point pH~pcc~ {#sec2.3.1.2}

The electro-kinetic properties of solids are a direct consequence of the surface chemical environment. In this way, depending on the surface chemistry of the solid, the material when placed in aqueous dispersion may present a specific surface charge at the interface, which may be an average negative, positive or neutral. It is known as pH at the point of zero charges (pH~pcc~) at the pH value at which the number of positive charges is equal to that of negative charges, such that the net charge on the surface is zero. The tendency of the surface to be negatively or positively charged is thus measured. The carbon materials are characterized by having an amphoteric nature, which means that on the surface of the material surface acidic groups and surface groups of basic character coexist. In general: if the pH of the medium is greater than the point of zero charge of the carbonaceous material we will have a predominance of negative charges on the surface of the carbon material; on the other hand, if the pH of the medium is lower than the point of zero charge of the material, a positively charged surface will be obtained. To determine the pH at the point of zero load, quantities of the materials are weighed in a range of 0.050--0.300 g, placed in a 50 mL glass bottle and added with 10 mL of sodium chloride solution, NaCl 0.1 N. The bottles are covered and left in agitation at a constant temperature of 25 °C for 48 hours, then the pH of each of the solutions is measured. The zero charge point is determined as the pH at which the pH curve tends as a function of the mass of the sample in the suspension \[[@bib22], [@bib25], [@bib26]\].

### 2.3.2. Immersion calorimetry {#sec2.3.2}

There are two large families of calorimeters: adiabatic and diathermic, which in turn are divided into \"passive\" and \"active\". Passive calorimeters are based on the conductivity or isolation of their materials, while active calorimeters make use of electronic temperature control or power compensation to achieve their adiabatic or diathermic character [@bib27]. The calorimeter used in this work is classified as a passive diathermic calorimeter, microcalorimeter type of heat flow, in which thermal conduction is favored by a small thermal resistance which allows the flow of heat between the cell and the surroundings, this flow Detected by sensors. The sensor system consists of a thermopile. This type of sensors is governed by the Seebeck Effect, a thermoelectric property discovered in 1821 by the German physicist Thomas Johann Seebeck. In this effect, the temperature difference between two metallic or semiconductor materials induces an electrical potential \[[@bib28], [@bib29]\]. In an immersion calorimeter, the heat flow is presented by a small temperature difference between the surroundings and the cell, product of the immersion of the solid. The magnitude of the temperature difference depends on the amount of heat released per unit of time, the thermal conductivity, the geometry of the cell, the type of sensors and the thermal insulators of the calorimeter. The calorimetric experiments were carried out using a Calvet-type heat conduction calorimeter of local construction, the equipment uses thermal sensors thermopiles of semiconductor materials and, as a heat reservoir, an aluminum block in which a 10 mL stainless steel cell is inserted. of capacity in which 10 mL of the solvent is placed \[[@bib30], [@bib31]\]. To determine the immersion enthalpies, 0.100 g of the solid was weighed in a glass vial, then the vial was introduced into the stainless-steel calorimetric cell, where 10 ml of the selected immersion liquid is already available. And later it is assembled in the calorimeter inside the main heat reservoir. Under these conditions, the electric potential is captured until a baseline is obtained (this may require up to 2 h). Rupture of the fragile tip of the vial is made by slowly and gently pressing the vial down. This rupture produces a calorimetric effect of approximately 5 μV, which is not significant in the subsequent calculation of the enthalpy. The change in the potential signal, product of the immersion, is captured by the computational system until the base line is re-obtained (this usually requires approximately 30 minutes), finally the electrical calibration of the calorimeter is carried out. The experiments were repeated four times for each solvent mentioned above \[[@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35]\].

### 2.3.3. Quantification of Ni(II) (by atomic absorption) {#sec2.3.3}

The reading of the calibration curves, adsorption of the isotherms and kinetics are made in an atomic absorption spectrophotometer \"Perkin Elmer, ANALYST 300\". To determine the effect of the pH of the solution on the adsorption capacity, 0.1 g of the solid is placed in 50 mL of 100 mg.L^−1^ solution of the respective ion and the pH is adjusted to 2, 4, 6 and 8 with diluted solutions of 0.01 M NaOH and HNO~3~. The solutions are thermostatted at 25 °C for the time necessary to achieve equilibrium. The solution is filtered to remove the solid and determine the concentration of the metals by atomic absorption. Prepare 6 solutions of known concentration (50--500 mg.L^−1^), 50 mL of the solutions of the respective ion are placed in a 50 mL container. Then add 0.1 g of the solid to the solution and leave it under agitation and constant temperature, 25 °C, for the time necessary to reach equilibrium. The solution is filtered to remove the solid and the concentration of the metals is determined. by atomic absorption \[[@bib36], [@bib37], [@bib38]\].

### 2.3.4. Adsorption kinetics {#sec2.3.4}

A solution of the respective ion is prepared at a concentration of 500 mg.L^−1^. 1.0 g of the solid is placed in the solution at a constant temperature of 25 °C, and 2 mL aliquots are taken at different time intervals for 4 consecutive days. Small sample volumes are taken (without the presence of aerogel in the suspension) for which a syringe is used, to which a 0.50-micron filter has been attached at the end \[[@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33]\].

3. Results and discussion {#sec3}
=========================

3.1. Analysis synthesis aerogels of carbon {#sec3.1}
------------------------------------------

The color of the gels changes as the ratio R/C is modified. The samples have a color from brown to orange ending in light yellow, from lower to the higher ratio R/C. [Table 1](#tbl1){ref-type="table"} shows the initial and final synthesis pHs. The pH was measured at the initial solution when the resorcinol and the catalyst, which is the sodium carbonate, were mixed before adding the formaldehyde and at the end of the mixture when all the formaldehyde was added, and the solution was allowed to stir for 30 minutes, before starting the curing or gelation process.Table 1Synthetic pH of the carbon gels.Table 1SamplepHipHfAe258.578.19Ae508.427.89Ae1008.357.66Ae2007.747.01Ae4007.166.86Ae6006.316.17Ae8006.186.08Ae15005.585.27

These pH variations are due to the structure that obtains, the monomeric units and the functional groups formed in the primary structure to later form the crystalline network \[[@bib39], [@bib40]\]. After the supercritical drying process, the aerogels darken becoming opaquer, the structure becomes more fragile and porous in appearance as the R/C ratio increases, but without losing the monolith structure.

In ([Fig. 1](#fig1){ref-type="fig"}), the moment in which the polymeric gel is introduced to the supercritical fluid equipment reactor is shown; it is observed that by designing the reactor it is possible to maintain the monolith type structure without having to fractionate the sample, this is an advantage for possible applications of aerogels as catalysts inside reactors or electrodes inside electrochemical cells \[[@bib39], [@bib40], [@bib41], [@bib42]\].Fig. 1Polymeric gel when introduced to the supercritical drying reactor for sample Ae25 and Ae200.Fig. 1

After supercritical drying, the gels are subjected to the pyrolysis process under a nitrogen atmosphere at 850 °C, at which time the proportion of carbon in the samples increases, to obtain the carbon aerogels. These structures are somewhat more fragile than dry gels, this is probably due to the breakage of existing links between carbon nodes and the lesser destruction of the structure due to the effect of stresses on the structure when removing the solvent under supercritical conditions. In [Fig. 2](#fig2){ref-type="fig"}, the characteristics for the aerogels Ae600 and Ae1500 are shown, both for the polymeric aerogel and for the carbon aerogel.Fig. 2The appearance of polymer gels and carbon aerogels, for the samples: Ae600 and Ae1500.Fig. 2

The shrinkage of the structure is observed after the pyrolysis process, the contraction of the structure is observed after the pyrolysis process, due to the series of reactions that end in this stage. In [Table 2](#tbl2){ref-type="table"}, the values for the elemental analysis in the whole series of carbon aerogels by EDS are shown. Hydrogen % is calculated by the difference between 100% and the Carbon and Oxygen content \[[@bib43], [@bib44]\]. The density values and the Burn-off obtained in the furnace pyrolysis process are also recorded.Table 2Elemental analysis by EDS, density, and Burn-off for carbon aerogels.Table 2SampleAnalysis by EDSDensityBurn-offC %H %O %(g.cm^−1^)%Ae2590.451.987.570.77262.34Ae5090.341.877.790.88564.78Ae10090.971.447.590.74965.82Ae20091.251.247.510.70564.45Ae40091.571.127.310.67266.02Ae60091.831.037.140.64466.63Ae80092.090.986.930.63263.17Ae150092.490.746.770.60165.91

The carbon content increases as the R/C ratio increases. The hydrogen content is slightly lower and the oxygen content is higher, suggesting that the formation of oxygen functions is further promoted. The density obtained is low, which suggests that important changes are already being induced by the drying method, where supercritical drying has high importance in the final structure of the obtained material [@bib45], and also decreases with increasing R/C ratio. The burn-off takes values between 62.34% and 66.36%.

3.2. Study of the acidity and basicity of aerogel {#sec3.2}
-------------------------------------------------

[Table 3](#tbl3){ref-type="table"} shows the results obtained for the determination of the surface groups by the Boehm method and the determination of the pH at the point of zero charge (pH~pcc~). The type and concentration of surface functional groups in carbon aerogels have been studied using methods of analysis such as Boehm titration, determination of the pH at the point of zero charge by mass titration.Table 3Surface groups (mmol.g^−1^) in carbon aerogels determined by Boehm titration and pH at the point of zero charge.Table 3GROUPLactonicCarboxylicFenolicCarbonylTotal AcidityTotal BasicityTotal GroupspH~pcc~SAMPLEmmol.g^−1^mmol.g^−1^mmol.g^−1^mmol.g^−1^mmol.g^−1^mmol.g^−1^mmol.g^−1^Ae250.8852.1110.0450.0003.0410.8253.8656.12Ae500.9362.1330.0000.0003.0690.4913.5605.97Ae1000.8281.9050.0000.0002.7330.5023.2355.76Ae2000.9022.0640.0420.0003.0090.9753.9845.70Ae4000.9462.2550.0000.0003.2000.9614.1615.65Ae6000.9402.8290.0440.0003.8130.8644.6775.41Ae8000.9212.2290.0430.0003.1931.0654.2585.50Ae15001.0412.0260.0450.0003.1120.9384.0515.45

The total acidity for the samples of carbon aerogels is greater than the total basicity. This may be due to the oxidation process undergone by the polymeric gel in the drying process with supercritical CO~2~, which induces the formation of more acidic oxygenated functional groups than polymeric gels dried to subcritical conditions. The lactonic groups are in smaller proportion with respect to the carboxylic groups while the phenolic groups are present, in a low proportion in the samples Ae25, Ae200, Ae600, Ae800, and Ae1500. With respect to the number of acid surface groups, in each case, no specific trend is observed with respect to the R/C ratio. When the carboxylic, lactic and phenolic groups predominate, the surface of the carbonaceous structure presents good characteristics for the exchange of cationic ions [@bib46]. The presence of these groups, although to a lesser extent, may be due to the stability of these groups at a higher temperature than the acid groups and to the presence of π electrons delocalized on the surface of the carbonaceous structure of the carbon aerogel \[[@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57]\]. For low pH~pcc~ values, the adsorption of metal cations is favored when the pH of the medium is higher than the pH~pcc~ since the surface charge on the carbon aerogel will be negatively charged having an affinity for exchanging positive charges of the cationic ions. Care must be taken not to exceed the pH of the medium above the pH of precipitation of the cation as hydroxide since the phenomenon of adsorption will not occur.

In [Fig. 3](#fig3){ref-type="fig"}, the variation of pH~pcc~ with respect to the different resorcinol and R/C catalyst ratios is observed, where a clear trend is observed. When increasing the R/C ratio decreases the pH~pcc~, the Ae600 sample has the lowest value of pH~pcc~.Fig. 3Variation of pH~pcc~ as a function of the change in the R/C ratio for carbon aerogels.Fig. 3

In carbon aerogels, being the pH~pcc~ values are low and have a greater possibility of being negatively charged. There is a direct relationship between the classes of functional groups formed by the effect of the drying process in relation to the number of monomer units formed in the polymerization process. Because as the R/C ratio increases, the total groups tend to increase. Thus, finally, the distribution of the functional groups is due to the pyrolysis process, where the final structure of the carbon aerogel is formed with the oxidation of the samples when subjected to air.

3.3. Textural analysis of the different aerogels from the isotherms. of N~2~ {#sec3.3}
----------------------------------------------------------------------------

The textural characteristics of the carbon aerogels were determined by Adsorption isotherms of N~2~ at 77 K. The use of models to determine the textural parameters in microporous solids is often displaced at lower pressures, as in the case of the linear range of the (Brunauer-Emmet and Teller) BET model, which is used for the calculation of apparent surface areas. The choice of relative pressure range relevant for the analysis of the apparent surface area with the BET model is of great importance due to the possibility of overestimating or underestimating the capacity of the monolayer, (the optimal range of P/P^o^ is determined using the method proposed by Rouquerol and Col.) \[[@bib30], [@bib58]\]. For this model, it must be verified that for all the calculated areas the value of the constant C is positive (that is, any negative intersection in the graph B.E.T indicates that it is outside the valid range for the equation BET). The application of equation BET should be limited to the range where the term \[V (1- P/P^o^)\] increases continuously with P/P^o^ \[[@bib23], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63], [@bib64], [@bib65]\]. The Dubinin-Astakhov model is used at P/P^o^ \<0.1, to perform the microporosity analysis, the Dubinin-Radushkevich model is applied in the range of P/P^o^ \<0.1. For the analysis of mesoporosity, model Barrett-Joyner-Halenda (BJH), (a P/P^o^\> 0.35--1, in the desorption branch) is used. The functional density theory is applied for pressures: P/P^o^ = 10^−6^-1, the effect of different pore geometries is considered (cylinder, groove and combined cylinder-groove) and the effect of roughness, heterogeneity and homogeneity of the surface (QSDFT and NLDFT, respectively). The QSDFT model is used for the pore size distribution. For the study of all these models, the ASQiWin software is used. The detailed analysis of the results of the textural part have already been published in the literature by our research group \[[@bib23], [@bib24]\]. In summary, this interpretation concludes that the PSD (Pore Size Density) obtained from the adsorption of N~2~ isotherms to 77 K using the kernel slot-cylinder pore modulation QSDFT (Quenched Solid Density Functional Theory) shows a micropore distribution in some cases monomodal and in other bi-modal. When compared with homologous data obtained by Immersion Calorimetry, the latter is adjusted with the PDS deduced by the QSDFT kernel assuming a cylindrical slot pore model for most samples, although it did not coincide exactly with some samples, due to limitations diffusion in the pore structure of the solid. The experimental results show that the aerogel samples can be divided into two series with different properties: Series I, mainly microporous (low ratio R/C) and Series II (high ratio R/C) mainly microporous but with a contribution of mesoporosity. The specific surface area varied between 64 and 990 m^2^ g^-1^ and the QSDFT model better equipped with a core with a porous cylinder system. The experimental results show a good concordance between the results obtained from immersion calorimetry in dichloromethane (instead of in benzene) and the corresponding obtained from the BET method applied to the N~2~ adsorption isotherms [@bib23].

Scanning electron microscopy (SEM) is normally used to study the topography of the sample. The maximum resolution of the SEM in the order of 3--5 nm, and the environment of the sample is normally vacuum. In the field of carbon materials, the SEM is usually used to study the topography of the sample, a detailed texture, the characteristics of the interface between different components in composite materials The micrographs obtained by scanning electron microscopy SEM, of the surface of the carbon aerogels at the same magnification to see the comparative effects in relation to the structure changes.

The micrographs of carbon aerogels show, on a micrometric scale, the morphology of the external surface, which has cavities with a high degree of roughness, these spaces are of the order of 1 μm. Although the micropores and mesopores are not visible, the photographs show the shapes and location of the macropores on the surface of the sample. Macropores are formed during pyrolysis and the loss of volatile material and favor diffusional processes. It is evident that as the R/C ratio increases, the formation of structural aggregates increases. In the samples of the I-series, the structures are simpler with flat and sharp shapes where there is an incipient formation of interconnected structures. It is possible to deduce that the greater amount of catalyst plus monomer units are formed, resulting in the formation of some characteristics of the pearl necklace type for the samples of the series-II, proper for this type of materials. The micropores and mesopores evaluated by the textural analysis models are not evident in the micrographs of carbon aerogels. Some formations of cavities in the surface of the materials are observed and as the R/C ratio increases, there is an increase in the roughness of the samples without modifying the interconnected structure. The formation of the bonds between the carbons makes the connections between their nodules are intense, preventing the rupture of the networks that are formed as the R/C ratio increases [@bib24]. Similarly, a good combination of pore size distribution data (PSD) obtained from isotherms of N~2~ adsorption and immersion calorimetry was observed, except for a pair of aerogels. Finally, the experimental and modeling results were critically discussed in the aforementioned publication \[[@bib23], [@bib24]\].

3.4. Adsorption study of Ni(II) ion from the aqueous solution of carbon aerogels {#sec3.4}
--------------------------------------------------------------------------------

### 3.4.1. Effect of pH on the adsorption capacity {#sec3.4.1}

In [Fig. 4](#fig4){ref-type="fig"} it can be observed how the capacity of adsorption of Ni(II) varies at different pH values. The graphs present a sigmoidal behavior.Fig. 4Effect of pH on the capacity of Ni(II) adsorption of carbon aerogels throughout the range of R/C ratios. Co = 100 mg.L^−1^, T = 25 °C. 0.1 g/50 mL. Contact time = 120 minutes.Fig. 4

The maximum adsorption pH is presented at a value of 5.0; At this pH, the predominant species is the Ni(II) ion as seen in [Fig. 5](#fig5){ref-type="fig"}. This pH is lower than the pHpcc, so that the mechanism following the Ni(II) adsorption corresponds to the \"exchange of protons with the formation of superficial metal complexes \", for hexa-acuo-complexes \[M (H~2~O) 6\]^n+^ \[[@bib23], [@bib60], [@bib61], [@bib62], [@bib63], [@bib64], [@bib65], [@bib66]\]. This confirms the fact that the pH decreases at the end of the adsorption process, since it releases protons to the medium, as in the exchange of ions, which agrees with the experimental data since at the end of the adsorption process the pH of the Solutions decreases. The experiments of the capacity of adsorption and kinetics are made at pH 5.0.Fig. 5Distribution diagram of nickel species [@bib67].Fig. 5

### 3.4.2. Analysis of the results of the isotherms from aqueous solution for Ni(II) {#sec3.4.2}

When analyzing the data obtained when carrying out the adsorption isotherms from aqueous solution, it is observed that increasing the R/C ratio increases the capacity of adsorption as can be seen in [Fig. 6](#fig6){ref-type="fig"}. All the isotherms have a more homogeneous and very homogeneous behavior. similar, without any sample showing any differentiated behavior. At a concentration of 70 and 90 mg.L^−1^, the adsorption begins to reach equilibrium since the plateau that is beginning to become more horizontal is reached and the amount adsorbed no longer increases for high concentrations of Ni(II). The only samples that do not reach a total \"plate\" are the Ae600, Ae800, and Ae1500, which is probably associated with the fact that these samples could still absorb some more Ni(II).Fig. 6Adsorption isotherms of Ni(II) from aqueous solutions on carbon aerogels throughout the range of R/C ratios.Fig. 6

The adsorption capacities vary from 6.790 mg g^-1^ for sample Ae25, up to 12.55 mg g^-1^ for sample Ae1500. The minimum adsorption value for sample Ae25 is 5.14 mg g^-1^ for carbon aerogels. The maximum value corresponds to the sample Ae1500 and is of 12.55 mg g^-1^ [Fig. 7](#fig7){ref-type="fig"} groups the two series defined as follows: Series-I: Ae25, Ae50, Ae100, Ae200; and Series-II: Ae400, Ae600, Ae800, Ae1500, to continue the same treatment to the analysis.Fig. 7Adsorption isotherms of Ni(II) on carbon aerogels. a) Series-I: Ae25, Ae50, Ae100, Ae200; b) Series-II: Ae400, Ae600, Ae800, Ae1500.Fig. 7

In both series, there is an increase in the capacity of Ni(II) adsorption as the R/C ratio increases. In the I-series, for the Ae25, Ae50 and Ae100 samples, the capacities are very similar, with a greater difference being observed for the Ae200 sample. This same behavior is observed for the sample Ae1500 with respect to the other three samples of the series-II. As the R/C ratio increases for the two series, the initial part of the isotherms becomes more pronounced, indicating that adsorption is faster for samples with higher R/C, but this can be studied in a better way with the adsorption kinetics.

In [Fig. 8 (a-h)](#fig8){ref-type="fig"} the individual isotherms are presented for each sample where the adjustment of the experimental data to the different analysis models is illustrated.Fig. 8Comparison of experimental data and adsorption isotherms predicted from Ní (II) on carbon aerogels, adjusted to two-parameter models (Freundlich and Langmuir), of three parameters (Sips, Tóth, Redlich-Peterson, and Radke-Prausnitz): a) Ae25, b) Ae50, c) Ae100, d) Ae200, e) Ae400, f) Ae600, g) Ae800 and h) Ae1500.Fig. 8

According to [Fig. 8](#fig8){ref-type="fig"}, the model that presents the lowest adjustment to the experimental data is the Freundlich model, the other two-parameter model that is the Langmuir model presents better adjustments. The three-parameter models used in the present work best describe the adjustments of the experimental data on Ni(II) adsorption on carbon aerogels (see [Table 4](#tbl4){ref-type="table"}).Table 4Parameters of the Langmuir and Freundlich models for the adsorption of Ni(II) on carbon aerogels throughout the series of R/C.Table 4SampleLangmuirFreundlichq~m~ ​(mg g^−1^)K~L~ (L mg^−1^)R^2^K~f~ ​(mg^1−1/n^ ​L^1/n^ ​g^−1^)1/nR^2^Ae257.5710.0270.98941.3480.2750.9074Ae508.2200.0330.99611.8390.2410.9261Ae1008.2970.0470.99792.2470.2150.9407Ae2009.7790.0430.99272.3790.2310.9845Ae40010.380.0530.99362.8830.2130.9562Ae60011.160.0610.98853.3170.2060.9710Ae80011.640.0590.97713.7170.1930.9832Ae150012.290.1050.99225.0970.1520.9760

For the two-parameter models, a better fit to the Langmuir model is presented, for all the samples compared to the Freundlich model, even though R^2^ values are not very good, except for the samples Ae25, Ae600, and Ae800 where the values are the lowest. For the three-parameter models, with respect to the value of R^2^, the sample that best fits is the Ae50, the other samples have lower values without a specific order, which suggests that the Ni(II) adsorption does not have any correlation with respect to the sites that are available for adsorption.

No definite trend is observed in the behavior of the samples with respect to the models used, establishing the following: Ae50, Ae200, Ae400, and Ae800 adjust with Sips, Ae600 and Ae1500 adjust with Radke-Prausnitz, and Ae25 and Ae100 adjust with Tóth; all samples fit quite well with the three-parameter models (see [Table 5](#tbl5){ref-type="table"}). The sample Ae200 presents a very similar adjustment in its values of R^2^ and this is corroborated in [Fig. 8](#fig8){ref-type="fig"}-d, where this behavior is appreciated. The results demonstrate the formation of the monolayer coating of Ni(II) ions on the surface of carbon aerogels. Recalculating the equilibrium adsorption capacity, using the concentration values and the adjustment parameters, we have for Ae25 with the Tóth model, the sample with the lowest adsorption, a value of 6.790 mg g^-1^. For the sample with the highest adsorption with the Radke-Prausnitz Ae1500 model, the amount adsorbed is 9.774 mg g^-1^. Comparing this value with those reported by other authors \[[@bib67], [@bib68], [@bib69]\], it can be said that carbon aerogels have a good Ni(II) adsorption capacity from aqueous solution comparable with other adsorbents. Thus, the carbon aerogels obtained in this investigation they are effective for the removal of Ni(II) from aqueous solution at pH = 5.0 and under the experimental conditions used in this study. A preliminary test was carried out on the Ae1500 sample, which is the one with the highest adsorption capacity, with 9.774 mg g^-1^, and it was found that after 4 cycles of use (desorption-adsorption), the capacity of adsorption decreases to 40% in 3.898 mg g^-1^.Table 5Parameters of the models of Sips, Tóth, Redlich-Peterson and Radke-Prausnitz, for the adsorption of Ni(II) on carbon aerogels in the entire series of R/C.Table 5IsothermAe25Ae50Ae100Ae200Ae400Ae600Ae800Ae1500Sipsq~ms~ (mg. g^−1^)7.0827.8058.1239.91610.9112.4014.5313.26K~s~ (L^m^.mg^-m^)0.0310.0370.0490.0420.0470.0470.0330.096m~s~1.3051.2331.0960.9480.8360.7100.5420.701R^2^0.99540.99940.99840.99290.99580.99340.99570.9962Tòthq~m~T (mg.g^−1^)6.7907.7459.1939.86711.0012.7815.6213.42K~T~9.32E-040.0070.1550.0510.1280.2850.6730.405m~T~1.7581.3670.8830.9580.7790.6070.4090.632R^2^0.99730.99930.99870.99270.99550.99400.99540.9964Redlich-PetersonA (L.g^−1^)0.1540.2310.3630.4150.6390.9771.4951.774B (L.mg^−1^)8.40E-030.0190.0380.0410.0780.1390.2550.195β1.1451.0691.0221.0050.9600.9200.8830.947R^2^0.99710.99880.99830.99270.99510.99580.99390.9971Radke-Prausnitzq~m~RP (mg.g^−1^)11.9710.348.96110.098.9498.0046.7859.774K~RP~ (L.mg^−1^)1.39E-020.0230.0410.0410.0690.1120.1890.170m~RP~1.2101.0901.0271.0110.9550.9100.8730.942R^2^0.99660.99860.99830.99270.99490.99610.99350.9972

### 3.4.3. Adsorption kinetics of Ni(II) {#sec3.4.3}

By relating the contact time of the aerogels with the adsorbed amount of Ni(II), a very pronounced initial tendency is observed where the adsorption is very fast in the first minutes, [Fig. 9](#fig9){ref-type="fig"}. This indicates that there is a high affinity of the carbon aerogels for the adsorption of Ni(II), upon reaching equilibrium the process becomes slower since the available sites have been occupied by Ni(II) ions and there is a greater impediment for the adsorption to occur.Fig. 9Effect of the contact time with respect to the equilibrium concentrations of experimental Ni(II) data on carbon aerogels. C~o~ = 500 mg.L^−1^, T = 25 °C. 1 g/500 mL. pH = 5.2.Fig. 9

In the first 15 minutes, very rapid adsorption occurs, where 60% of the amount adsorbed has already been retained by the carbon aerogels. After 60 minutes, the equilibrium begins to be reached, making the adsorption slower. Around 200 minutes the balance is achieved for most samples. [Table 6](#tbl6){ref-type="table"} records the values of the kinetic parameters found for the different models used. The behavior of the kinetics of Ni(II) adsorption on carbon aerogels adjusts in a better way the kinetic model of pseudo-second order since it is the one that presents the value of the highest R^2^ correlation coefficient. The pseudo-first-order model has lower values of R^2^, so the kinetics do not fit the experimental data in an adequate way, this is evidenced in [Fig. 10](#fig10){ref-type="fig"} where the dispersion of the data is greater for the whole series of aerogels.Table 6Parameters of the kinetic models: pseudo-first-order model - Lagergren, pseudo-second-order model, and intraparticle model - Weber and Morris., For the adsorption of Ni(II) on carbon aerogels in the whole series of R/C.Table 6KineticsParametersAe25Ae50Ae100Ae200Ae400Ae600Ae800Ae1500*q*~e\ (expe)~(mg.g^−1^)6.7897.6127.8879.31410.1911.4911.8912.55Pseudo first order*q*~e~(mg.g^−1^)4.2043.1342.5613.0554.1075.8374.1144.102*K*~1~(min)^−1^0.0100.0100.0100.0090.0100.0110.0130.010*R*^2^0.95720.94910.96490.92530.97420.99220.96600.9119Pseudo second order*q*~e~(mg.g^−1^)0.2380.3190.3900.3270.2430.1710.2430.244*K*~2~(g.mg^−1^.min^−1^)0.0060.0100.0120.0080.0070.0050.0090.008*R*^2^0.99770.99920.99970.99940.99950.99930.99990.9999Intraparticle*b*(mg.g^−1^)3.5755.3115.7436.40646.89247.4708.34898.5371*K*~ip1~(mg·g^−1^·min^−1/2)^0.1620.11610.11130.14830.1700.20490.19330.2129*R*^2^0.95860.95650.91360.92900.92690.94890.80570.7979Fig. 10Experimental data adjusted to the pseudo-first order model - Lagergren in the adsorption of Ni(II) on carbon aerogels. C~o~ = 500 mg.L^−1^, T = 25 °C. 1 g/500 mL. pH = 5.0.Fig. 10

In [Fig. 11](#fig11){ref-type="fig"}, the experimental data adjusted to the pseudo-second-order model are observed. The adjustment for the first samples is the lowest of the series, with a slight dispersion of the data and the lower values of R^2^. The best adjustments are for the latest Ae800 and Ae1500 samples, which have the best R^2^ value. This is possibly due to the greater development of porosity for higher R/C ratios.Fig. 11Experimental data adjusted to the pseudo second order model in Ni(II) adsorption on carbon aerogels. Co = 500 mg.L^−1^, T = 25 °C. 1 g/500 mL. pH = 5.0.Fig. 11

The data adjusted to the Weber and Morris intraparticle model can be seen in [Fig. 12](#fig12){ref-type="fig"}. For the first samples, three areas are observed that are not as well defined or marked as if they were observed in the last two samples of the series, Ae800, and Ae1500. This suggests that the first samples present a kinetic where instantaneous adsorption occurs on the external surface, followed by intraparticular diffusion, which is the determining stage of the kinetics, ending with the last stage, which is when the adsorption reaches equilibrium, which is the almost horizontal area of the graphs. For the last two samples, the kinetics is controlled only by the initial instantaneous adsorption, very little intraparticular diffusion and the equilibrium that is achieved.Fig. 12Experimental data adjusted to the intraparticle model in Ni(II) adsorption on carbon aerogels. Co = 500 mg.L^−1^, T = 25 °C. 1 g/500 mL. pH = 5,0.Fig. 12

The intraparticle model presents the lowest values of adjustment with respect to the coefficient of linear regression. These parameters are calculated for a single region of the entire data group since the three zones do not have a well-defined differentiation. Because the graphs do not go through the origin when extrapolating the lines, the difference in the speed of the mass transfer in the initial and final states of the adsorption is different.

### 3.4.4. Results of immersion calorimetry Ni(II) {#sec3.4.4}

To correlate the adsorption from aqueous solution of Ni(II) ions and the behavior of carbon aerogels when immersed in such solutions, it is necessary to use special techniques that provide direct information on the particular liquid-solid interactions. Microcalorimetry is a useful and versatile technique for this purpose. The parameter that is evaluated by immersion microcalorimetry is the immersion enthalpy, ΔH~inm~ \[[@bib38], [@bib70], [@bib71], [@bib72], [@bib73]\]. The versatility of immersion calorimetry is because changes in surface area, surface chemistry, or microporosity will result in a change in immersion energy. The calorimeter used is called the microcalorimeter of heat flow, in which thermal conduction is favored by a small thermal resistance which allows the flow of heat between the cell and the surroundings, this flow is detected by sensors that use the seebeck effect \[[@bib74], [@bib75], [@bib76], [@bib77], [@bib78], [@bib79], [@bib80], [@bib81], [@bib82], [@bib83], [@bib84]\]. In an immersion calorimeter the heat flow is presented by a small difference of temperature between the surroundings and the cell, product of the immersion of the solid. The magnitude of the temperature difference depends on the amount of heat released per unit of time, the thermal conductivity, the geometry of the cell, the type of sensors and the thermal insulators of the calorimeter. The type of signal obtained by means of the thermopiles is presented in [Fig. 13](#fig13){ref-type="fig"}, in this thermogram the conduction of heat to the surroundings is evidenced and it is observed by the descent of the potential signal after the process.Fig. 13Characteristic thermogram obtained by an isothermal conduction calorimeter.Fig. 13

The determination of experimental heat of immersion is determined by the integration of the calorimetric signal, the first signal corresponds to the immersion process, which is basically the rupture of the cell and wetting of the sample. The second signal corresponds to the electric calibration process of the calorimeter. The electrical calibration of the equipment is made by dissipating an electrical work through a resistance of 100 Ω, this calibration allows calculating said electrical work. The calorimeter is allowed to stabilize at room temperature until 20 °C, until the signal at the baseline is between ±2.0 μV for about 30 minutes. Once this has been achieved, the immersion is carried out, which is the process of breaking the ampule and later allowing the system to recover the baseline again in a state similar to the initial one. Subsequently, the electrical calibration is performed with a power in such a way that it generates a signal of magnitude similar to the calorimetric signal obtained by the immersion process. The calorimeter constant is 196.6 W.V^−1^, for a dissipated electrical work of approximately 6.0 J, with a sensitivity of 5.0 × 10^−3^ V.W^−1^ and a deviation of less than 2%. The immersion liquids used were prepared from Ni(NO~3~)~2~.3H~2~O in a concentration range of 50 and 500 mg.L^−1^. [Fig. 14](#fig14){ref-type="fig"} shows an example of typical thermograms obtained for 3 aerogels at low, medium and high R/C ratios in a solution of the analyzed ion.Fig. 14Thermogram obtained in the immersion of carbon aerogels. Ae50, Ae600 and Ae1500. Ni(II) 100 mg.L^−1^.Fig. 14

As seen in the thermograms, the effect of the sample with the lowest R/C ratio generates less immersion heat, generating a smooth curve that gradually dissipates towards the end of the process. As the R/C ratio increases, the curve becomes more pronounced, becoming narrower and the generated heat increases more rapidly. When calculating the immersion enthalpy, the degree and nature of the interaction at the solid-liquid interface can be determined, this information is useful since it allows to establish the magnitude of the interactions in the adsorption process. [Table 7](#tbl7){ref-type="table"} shows the values of the immersion enthalpies for the series of carbon aerogels in Ni(II) solutions.Table 7Immersion enthalpies for the aerogels carbon series in solutions of Ni(II) 100 mg.L^−1^.Table 7-Immersion Enthalpy, ΔHimm, (J.g^−1^)SampleR/CNi(II)Ae2570.25Ae5073.17Ae10080.13Ae20084.52Ae40089.61Ae600102.5Ae800108.7Ae1500110.8

The most negative values correspond to the carbon aerogels for the highest R/C ratios that are also those with the largest surface areas. This shows that in this particular case there is a direct relation between the chemical and textural properties versus the enthalpic value generated in the respective immersion calorimetries.

4. Conclusions {#sec4}
==============

During the synthesis process, the aerogels become darker becoming more opaque, the structure becomes more fragile and porous in appearance as the R/C ratio increases, but without losing the monolith structure. In the same way the formation of according to the relation R/C. Aerogels have a high fixed carbon content, this can be seen in the greater development of the carbonaceous structure. This value is between 58.5% and 80.2% for Ae25 and Ae1500 respectively. The ash content for the sample Ae25 is 0.2% which is the lowest value and for the sample, Ae1500 is 0.6%. The percentage of weight loss for the whole series of aerogels is stabilized between 59.4% and 53.8% for Ae25 and Ae1500 respectively. These contents come from the Na~2~CO~3~ used as the catalyst of the synthesis, they increase as the R/C ratio. The total acidity for the samples of carbon aerogels is greater than the total basicity. When the carboxylic, lactonic and phenolic groups predominate, the surface of the carbonaceous structure presents good characteristics for the exchange of cationic ions. There are two well-marked trends in the development of porosity as the resorcinol/catalyst ratio increases. In the whole series, an increase in the development of the surface area is observed. All the carbon aerogels prepared in this investigation present an increase in the development of the surface area as the R/C ratio increases, from 64 m^2^ g^-1^ for the sample Ae25, to 990 m^2^ g^-1^ for the sample Ae1500. The samples obtained are microporous with increasing development of mesoporosity as the R/C ratio increases, being more noticeable in Ae600 and Ae800 samples and a heterogeneous pore distribution.

In the adsorption of Ni(II) on carbon aerogels, the maximum adsorption capacity was given at a pH of 5.0 which is lower than pH~pcc~. It is proposed as an adsorption mechanism \"proton exchange with the formation of superficial metal complexes\". The adsorption capacity of Ni(II) increases as the R/C ratio increases. When applying the models to determine the capacity of adsorption, those that behave best are the 3-parameter models. This means that the adsorption occurs on a homogeneous surface, which contains sites of equal energy and that are available in the same way for adsorption, improving with the development of porosity as the R/C ratio increases. have more available adsorption sites. The sample of lower adsorption Ae25 with the Tóth model, the value is 6.790 mg g^-1^. The sample with the highest adsorption with the Radke-Prausnitz model Ae1500, the amount adsorbed is 9.774 mg g^-1^. The behavior of the kinetics of Ni(II) adsorption on carbon aerogels adjusts in a better way the kinetic model of pseudo-second order since it is the one that presents the value of the highest R^2^ correlation coefficient. The results indicate that the prepared carbon aerogels have a great potential for the retention of Ni(II) ions. To the extent that the adsorbed amount is less, the enthalpy is lower. As the surface area increases, the enthalpy of immersion increases.
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